Exocytosis is the evolutionarily conserved pathway by which protein and lipid cargos are trafficked from intracellular compartments to the plasma membrane in membrane-bound vesicles. This pathway is essential for cellular growth and division as well as for specialized processes such as cell migration, ciliogenesis and autophagy 1 . To maintain the fidelity of the secretory pathway, numerous conserved protein families regulate every step of the process 2 . Tethering factors, including the multisubunit tethering complexes (MTCs), serve as the first long-range, reversible connection between a vesicle and its target membrane 3,4 . However, in many cases, experimental evidence demonstrating tethering by these factors is lacking 5 . Tethers have been proposed to provide specificity for vesicle targeting, but they may also assume a more active role in regulating SNAREmediated membrane fusion 3, [6] [7] [8] .
a r t i c l e s
Exocytosis is the evolutionarily conserved pathway by which protein and lipid cargos are trafficked from intracellular compartments to the plasma membrane in membrane-bound vesicles. This pathway is essential for cellular growth and division as well as for specialized processes such as cell migration, ciliogenesis and autophagy 1 . To maintain the fidelity of the secretory pathway, numerous conserved protein families regulate every step of the process 2 . Tethering factors, including the multisubunit tethering complexes (MTCs), serve as the first long-range, reversible connection between a vesicle and its target membrane 3, 4 . However, in many cases, experimental evidence demonstrating tethering by these factors is lacking 5 . Tethers have been proposed to provide specificity for vesicle targeting, but they may also assume a more active role in regulating SNAREmediated membrane fusion 3, [6] [7] [8] .
The exocyst complex is the MTC for secretory vesicles at the plasma membrane, and it contains eight subunits-Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84-all of which have orthologs in eukaryotes including yeasts and humans [9] [10] [11] [12] [13] [14] . Yeast exocyst mutants display severe growth and secretion defects and accumulate postGolgi secretory vesicles in the cytoplasm 15, 16 . Similarly, null mutants in mice and flies exhibit embryonic and larval lethality, respectively 17, 18 . Although previous studies have revealed requirements for the exocyst in many critical cellular processes involving polarized vesicle trafficking, the structure and mechanisms of tethering by the exocyst remain unresolved 1 .
Similarly to other tethering factors, the exocyst is a peripheral membrane protein complex that interacts with numerous GTPases, SNAREs, phospholipids and the vesicle-transport motor myosin V 1, 3, 19, 20 .
The exocyst has been proposed to interact with vesicles through Sec15 binding to the Rab GTPase Sec4 and myosin V, as well as Sec6 binding to the v-SNARE Snc 16, 19, 21 . On the target-membrane side, both Sec3 and Exo70 interact with Rho GTPases and phosphatidylinositol 4,5-bisphosphate [22] [23] [24] [25] [26] , and Sec6 may interact with an as-yet-unidentified 'anchor' factor at the plasma membrane 27 . It is through this myriad of connections that the exocyst has been predicted to selectively capture secretory vesicles and tether them to the plasma membrane. A current model for exocyst function proposes that a subcomplex of exocyst subunits in S. cerevisiae is carried on vesicles to another subcomplex at the plasma membrane, and assembly of these subcomplexes drives vesicle tethering 28 . However, this model has not yet been validated biochemically, nor have the putative subcomplexes been identified. Whether regulated assembly of the exocyst is required for tethering and SNARE-complex regulation in yeast or other organisms, and whether these mechanisms differ between different species, are important unanswered questions.
Mechanistic models for exocyst function must be informed by the structural arrangement of exocyst subunits. Crystal structures of several exocyst subunits reveal a strikingly similar motif of contiguous helical bundles that pack together into long rods, thus classifying the exocyst within the evolutionarily conserved complexes associated with tethering containing helical rods (CATCHR) family 3, 20 . Numerous pairwise subunit interactions have been identified via yeast two-hybrid assays, immunoprecipitations and in vitro binding experiments using recombinant and in vitro-translated proteins 20, 29 . To examine the architecture and regulation of exocyst assembly, we developed a new robust exocyst purification method to reproducibly a r t i c l e s isolate stable exocyst complexes from S. cerevisiae. Using an auxininducible degradation (AID) system to deplete single subunits, we mapped the connectivity of the eight subunits and determined that most of the subunits are required for the association of two assembly modules within the exocyst. In contrast, depletion of known binding partners had no effect on the assembly status of the exocyst. Here we present the first structure, to our knowledge, of a fully assembled CATCHR MTC-we determined the structure of the fully assembled exocyst through negative-stain EM and twodimensional (2D) averaging. Furthermore, we demonstrate that exocyst complexes are stoichiometric with no detectable subcomplexes; therefore, we propose that the yeast exocyst functions predominantly as a fully assembled complex.
RESULTS

Purification of intact yeast exocyst complexes
Biochemical and structural studies of the intact exocyst complex have previously been limited by preparations with poor yield, stability and purity (refs. 9,10,30-32 and M.M., unpublished data). In order to answer critical questions regarding the architecture of the yeast exocyst complex and its putative assembly dynamics, we have developed an improved protocol for isolating the entire native complex from yeast extract 33, 34 . To maintain endogenous expression levels and function, we fused C-terminal Protein A (PrA) affinity tags to each exocyst subunit individually by integrating DNA encoding PrA at each genomic locus, creating eight different tagged haploid S. cerevisiae strains (Supplementary Table 1 ). The C-terminal PrA tags did not confer growth defects (Supplementary Fig. 1a) , thus demonstrating that each of the tagged subunits was functional. We grew yeast strains, harvested them in log phase as frozen noodles and lysed them with a planetary ball mill grinder (Online Methods). We then resuspended the lysate powder in a physiological buffer, incubated the lysate with rabbit IgG-conjugated magnetic beads and eluted bound proteins from the beads either by proteolytic digestion or by denaturation with SDS loading buffer (Fig. 1) . We confirmed exocyst subunit identities on the basis of the molecular-weight shift of the PrA tag in SDS-PAGE (Fig. 1) , MALDI-MS and western blot analyses (data not shown).
We isolated intact exocyst complexes from yeast extracts by using each of the eight subunits as the PrA-tagged purification handle. The eight exocyst subunits copurified with equal stoichiometry, as detected by both Coomassie-stained SDS-PAGE and densitometry with Krypton fluorescent protein stain (Fig. 1) , consistently with results from earlier reports 9, 31 . We next asked whether the complexes purified by this method undergo disassembly and reassembly during the purification. When we mixed Sec10-GFP lysate with either Sec3-PrA or Exo70-PrA lysates and subsequently purified the exocyst complexes, we detected no Sec10-GFP in either pulldown, thus indicating that no exchange or assembly of subunits occurred during the incubation (1 h at 4 °C) ( Supplementary Fig. 1b) ; these results are consistent with those from our previous studies 27 . Therefore, the purified complexes represent the state of the endogenous complex at the time of cell lysis.
The improved yield and purity of our exocyst preparations are the result of decreased proteolysis from cryogenic lysis ( Supplementary  Fig. 1c ) and the use of rabbit IgG-conjugated magnetic beads, which have a high affinity for PrA 35, 36 . Additionally, protease cleavage allowed for increased purity and native elution of untagged complexes for structural studies (Supplementary Fig. 1d ). We detected substoichiometric levels of copurifying proteins by MS and krypton fluorescent protein staining, but they appeared to primarily be highly expressed, nonspecific contaminants or previously detected binding partners, including Rtn1 (ref. 31) .
We next tested the functionality of our exocyst preparations by western blotting for known exocyst-interacting partners (Supplementary Fig. 2 ). The improved yield and rapid, gentle purification procedure allowed detection of binding of Sec1, Myo2 and Snc1/2 (redundant paralogs) to the exocyst. Previous studies have revealed an interaction of the exocyst subunit Sec6 with both Sec1 and Snc2 (refs. 7,21) , and Sec15 with Myo2 (ref. 19) . Here, we show that these proteins can be pulled down with tagged exocyst subunits that are not their direct binding partners, thus suggesting that these interactions occur within the context of the assembled complex.
Using Sec15-PrA as the purification handle, we monitored exocyst integrity under a variety of pH and salt conditions (Fig. 2a) . The presence of reducing agents had no effect on complex recovery, and the complex was stable across a range of pH solutions, in contrast to results from previous studies 30 . Increasing the pH above 8.5 rendered purified exocyst complexes sensitive to salt concentrations ≥300 mM. In Tris, pH 8.5, and ≥500 mM salt, only Sec15 and Sec10 remained bound together, thus indicating a strong physical interaction between these two subunits that is consistent with results of earlier studies 16 .
The exocyst complex peripherally associates with vesicles and the plasma membrane 37 . We therefore tested the effect of detergents, particularly whether the stoichiometry changes because of the solubilization of membrane-bound subcomplexes or the disruption of intersubunit interactions. We tested several nonionic detergents including NP-40 (IGEPAL), Tween-20 and Triton X-100, and none of the detergents affected the overall yield of assembled exocysts or the relative stoichiometry of the subunits (Fig. 2b) . In contrast, the exocyst was severely disrupted by sodium cholate, a strong anionic detergent. Together, these results indicate that varying the ionic strength of the resuspension buffer has a pronounced effect on exocyst integrity, suggesting that ionic interactions may be a major stabilizing force for intersubunit connections.
We used our pulldown assay to identify stable intracomplex interactions within the endogenous exocyst complex, using partially destabilizing buffer conditions, with each of the eight PrA-tagged exocyst subunits (Fig. 2c) . Several stable subunit pairs emerged: Sec3-Sec5, Sec6-Sec8 and Sec10-Sec15. Neither Exo70 nor Exo84 bound tightly to any of the other subunits under these
E x o 8 4 -P r A E x o 7 0 -P r A S e c 1 5 -P r A S e c 1 0 -P r A S e c 8 -P r A S e c 6 -P r A S e c 5 -P r A S e c 3 -P r A Exo70 80 Figure 1 Purification of intact yeast exocyst complexes. Purified complexes were separated by SDS-PAGE and visualized by Krypton staining. The asterisks correspond to the PrA-tagged exocyst subunit used as a purification handle (which shifts the protein molecular weight (MW) by 25 kDa). Owing to phosphorylation, both the Sec3 and Exo84 protein bands often migrate as multiple species, which appear as slightly smeared bands on SDS-PAGE. The resuspension buffer used was 50 mM HEPES, pH 7.4, and 300 mM NaCl, plus protease inhibitors. Full-size images for this and subsequent cropped gel images are shown in Supplementary Data Set 1.
a r t i c l e s destabilizing conditions. Although several of these pairwise interactions had previously been identified 16, 29, 38, 39 , the relative stabilities of the subunit pairs compared to other intersubunit interactions were unknown.
Subunit connections and intracomplex assembly determinants
We applied a more targeted approach to answer additional architectural questions: How are these pairs of subunits assembled into the overall connectivity map of the assembled exocyst? Which of these intersubunit interactions are functionally important for maintaining exocyst integrity? Are some subunits more important for interactions with binding partners on the plasma membrane and vesicle? We decided to selectively eliminate individual exocyst subunits to define their role in maintaining overall complex assembly. All exocyst subunits except Sec3 are encoded by essential genes and therefore cannot be deleted from the yeast genome 39, 40 . We tested the temperature-sensitive (ts) mutants sec3-2, sec5-24, sec6-4, sec8-6 and sec10-2 and used Sec15-PrA as the purification handle. Only sec8-6 had a major effect on exocyst integrity at the restrictive temperature (data not shown). These results were difficult to interpret, however, because the ts alleles vary in their severity and in the amount of destabilization or degradation of the mutant protein. Previous studies using a similar panel of exocyst ts mutants have shown greater disassembly for several of the mutants than we observed, even at the permissive temperature 10 . These differences are probably due to proteolysis of exocyst subunits during spheroplasting lysis, which destabilizes the complex (Supplementary Fig. 1c ). To overcome these challenges, we used an AID system to specifically remove each individual exocyst subunit.
This degron system uses the IAA17 AID sequence from Arabidopsis thaliana, which is fused to each exocyst subunit. When this tagged protein is coexpressed with the auxin receptor OsTIR1, exposure to the plant hormone auxin leads to rapid proteosomal degradation of the tagged subunit 41, 42 (Fig. 3a) . Addition of these tags to the Cterminal ends of exocyst subunits conferred no growth defects on their own, but when cells were grown on plates containing auxin (indole-3-acetic acid, IAA), all exocyst-AID strains were inviable except for Sec3-AID (Fig. 3b) . We confirmed rapid and specific IAAinduced degradation of individual exocyst subunits in liquid culture by western blot analyses of yeast lysates. Each exocyst subunit was degraded to <12% of the starting level within 60 min of IAA treatment (Fig. 3c) , whereas the protein levels of the remaining subunits were mostly unchanged (Supplementary Fig. 3 ). 
To assess the role of each individual subunit in maintaining the assembly of the endogenous exocyst complex, we combined this AID system with our PrA-tag purification approach. We added genomic C-terminal PrA tags to Sec8, Sec15 or Sec6 in strains already expressing an AID-tagged exocyst subunit and OsTIR1. We tested two different PrA-tag handles for each AID-tagged subunit to determine the fate of each of the exocyst subunits. Most of the dual-tagged exocyst strains grew normally but were inviable on IAA plates, as expected (Supplementary Fig. 4a) . Unexpectedly, the strain with Sec10-AID and Sec15-PrA showed no growth defect on IAA plates and no loss of Sec10-AID in IAA-containing liquid culture; similarly, Sec15-AID was not degraded in combination with PrA-tagged exocyst subunits (data not shown). We speculate that the lack of degradation in these strains may be due to masking of the AID tag by the 25-kDa PrA tag on a neighboring exocyst subunit.
We purified the exocyst complex from both untreated and IAA-treated cultures for each exocyst-AID-PrA combination strain and visualized the complexes by Coomassie staining and western blotting ( Fig. 4a and Supplementary Fig. 4b) . Surprisingly, the loss of Sec5, Sec6, Sec8, Sec10, Exo70 or Exo84 resulted in the exocyst complex splitting into two distinct, stable modules: Sec3-Sec5-Sec6-Sec8 (3-5-6-8) and Sec10-Sec15-Exo70-Exo84 (10-15-70-84). The results from the different combinations of AID and PrA tags indicate the division of the exocyst structure into two modules (summarized in Fig. 4a ). Loss of Sec3 had the least destabilizing effect on exocyst-complex assembly. Degradation of each of the other subunits had distinct effects on its own module, depending on the strength and connectivity of its interactions with its partners, but had no effect on the integrity of the opposing module.
We found that the individual assembly of each module is predominantly based on the association of three stable subunit pairs (3-5, 6-8 and 10-15), instead of requiring the cooperative assembly of all four subunits together. If exocyst assembly were cooperative, we would expect to observe complete disassembly of all four subunits from each module upon loss of one subunit; instead, we generally found subcomplexes containing two or three subunits (for example, Sec6 and Sec5 remain bound after Sec8 is degraded). This finding is consistent with our earlier biochemistry results demonstrating that these subunit pairs are stable enough to be copurified (Fig. 2c) . Therefore, the most robust interactions within the complex exist between pairs of subunits, and the overall assembly appears to be mediated by a network of weaker interactions. Several additional rules for exocyst assembly can be drawn from these results (Fig. 4b) . Sec8 requires Sec6 for assembly into the complex. Sec5 is required for Sec3's assembly and for the stable interaction of Sec3 with Sec6 and Sec8. In the absence of Sec8, there was also loss of Sec3 from Sec5-Sec6, thus suggesting either a potential interaction between Sec3 and Sec8 or a potential conformational change that weakens Sec3's association with Sec5-Sec6. In the case of the other module, Sec10 and Sec15 are a stable pair that require Exo84 for their association with Exo70. Although we were unable to test this hypothesis, we predict that degradation of Sec15 would not disrupt Sec10's connection with Exo84 and Exo70, because Sec15's only known stable exocyst partner is Sec10 (ref. 16) (Fig. 2) .
These studies provide only a few clues as to the interconnections between the modules. All subunits are required for the assembly of the two modules, including Exo70 and Exo84, which is perhaps surprising npg a r t i c l e s in light of our biochemical studies, which demonstrated that Exo70 and Exo84 are not tightly associated with any other subunits of the complex (Fig. 2) . We propose that the interconnections between the modules are made up of a network of weaker subunit-subunit interactions, although we cannot rule out that the degradation of a subunit from one module may alter the structure of its respective subcomplex, thus making it incompatible for binding the opposing module.
Other previously identified subunit interactions may contribute to this intermodule network 20, 29 , but their relative contributions remain to be tested (Fig. 4b) .
Exocyst-binding partners have no effect on exocyst assembly
We wondered whether any additional binding partners would be necessary to maintain this stable assembly. However, we detected only substoichiometric amounts of known binding partners in our exocyst preparations, thus suggesting that these partners do not need to remain bound to maintain exocyst integrity ( Fig. 1 and Supplementary Fig. 2) . A major unresolved question is how the exocyst assembles in vivo and whether additional factors are required for regulating this assembly. Selective elimination of individual exocyst-interacting partners along the late secretory pathway might identify subcomplexes, thereby indicating a failure of the complex to fully assemble. To test this idea, we again used our AID-tag approach to deplete the master polarity regulator Cdc42 (ref. 43 (Supplementary Fig. 5a ).
The functional consequences of each of these interactions are not known, and it is unclear at which stage of exocytosis these interactions occur 7, 23, 39, 45 .
We treated the AID-tagged partner strains with IAA for 1 h, a time sufficient for numerous rounds of vesicle delivery and fusion in S. cerevisiae 46 . Degradation of Sec1 induced a severe vesicle accumulation phenotype, as expected 47 , whereas degradation of Myo2 and Cdc42 caused a milder secretion defect consistent with results from previous reports 43, 48 (Supplementary Fig. 5b,c) . N-terminal AID-tagging of Snc and Sec4 resulted in severe vesicle accumulation even before IAA treatment, thus suggesting that these N-terminal tags partially impair protein function (Supplementary Fig. 5b,c) . Using a PrA tag on Sec8, we pulled down exocyst complexes after degradation of these partners (Fig. 5). For each of the proteins tested, we observed that the exocyst complexes were fully assembled and stoichiometric, and they could be recovered with the same yield. 
npg a r t i c l e s
These results indicate that none of these components are required for driving or stabilizing the assembly of exocyst complexes. Together with the preceding observations that the exocyst subunits copurify in stoichiometric complexes, these data support a model wherein the exocyst functions predominantly in a fully assembled state in actively growing cells, even under conditions in which vesicles are not being transported, and the exocyst is not interacting with its partners.
Visualization of exocyst structure by electron microscopy
Our new purification method for the yeast exocyst complex allowed us to obtain pure complexes for structural studies. We purified both Sec15-GFP and wild-type complexes and analyzed them through negative-stain EM. Raw micrographs revealed distinct particles with an ellipsoid structure approximately 25 nm in length (Fig. 6a) . Iterative rounds of unsupervised 2D classification and class averaging revealed multiple coherent views of the exocyst complex resolved between 17-Å and 25-Å resolution (Fig. 6b,c and Supplementary Fig. 6 ). However, this averaging failed to reveal a unique density attributable to GFP, thus precluding identification of Sec15's location within the structure. At this resolution, the orientations and overall architecture of the exocyst were indistinguishable between these biologically and technically independent data sets ( Fig. 6c and Supplementary  Fig. 6 ). We observed no apparent density or class averages for smaller particles, such as subcomplexes. The 2D class averages resolved into roughly four distinct views of the complex (Fig. 6c and Supplementary Fig. 6 ), which may represent four 'faces' of the complex as it interacts with the EM grid. One end of the structure (left side of each of the 2D images) appears to be more tightly packed and ordered than the other end, which appears to be more flexible, often containing a long looping 'leg' wrapping around the end (right side of each of the 2D images). Two of the faces of the complex (I and II) appear wider and contain three to four legs or columns of density packed together, whereas the two slightly narrower faces (III and IV) appear to have only two to three legs each. We speculate that the more tightly packed end of the long axis of the complex may be composed of many of the N-terminal ends of exocyst subunits, because they generally have not been amenable to biochemical studies in isolation 49 . The C-terminal ends, therefore, would be present in the more flexible, 'open' end of the structure; these regions contain many of the regions involved in binding GTPases and the plasma membrane 23, 24, 50, 51 . The exception is Sec3, whose membrane-interaction domain is located at its N-terminal end 26, 52 and may therefore lie at the flexible open end of the exocyst, in an opposite orientation to the others.
Each of the individual legs observed in the 2D class averages of the exocyst complex are ~3 nm wide. Although the N-and C-terminal ends of the subunits cannot be unambiguously identified at this resolution, we can estimate the length of the legs in the range of ~15-35 nm, with the additional long leg at the flexible end being ~25 nm longer than the others. When the crystal structure of nearly full-length yeast Exo70 (residues 67-623) is superimposed onto an arbitrarily chosen leg, the width and length of the leg are consistent with the structure, which is ~16 nm long and ~3.0-3.5 nm wide 51 (Fig. 6b) . Exo70 is the smallest exocyst subunit (71 kDa), and the others range from 84 kDa to 155 kDa. The large size of Sec3 (155 kDa; estimated extended helical-bundle length of ~38 nm) suggests that it may be the subunit that wraps around the end of the complex (Fig. 6c) . The other available crystal structures (Exo84CT, Sec6CT and Sec15CT) also revealed similar CATCHR family helical bundles that are ~3 nm wide; the other subunits have been predicted to have similar folds [49] [50] [51] 53, 54 . The subunits of the complex appear to lie in a roughly parallel arrangement to each other, as suggested by previous interaction studies 20, 51, 54 . Our interpretation of the 2D averages suggests that this structure represents a fully assembled complex with an estimated volume of ~1,800-2,200 nm 3 . Using the volume and molecular weight of the structure of Exo70, and the assumption that all the subunits have roughly similar helical-bundle structures, we calculated a comparable volume of ~1,900 nm 3 for the octameric complex. Therefore, we suggest that our structure contains all eight subunits, consistently with the biochemical and AID experiments. Furthermore, we speculate that the wider faces containing three or four legs represent the two distinct modules identified in our AID studies, with one module as the top face and the other as the bottom face. However, we cannot rule out that the 2D averages could actually be showing the same face in alternative conformations; higher-resolution data will therefore be necessary to resolve these models.
DISCUSSION
In this study, we used biochemical, genetic and structural methods to dissect the architecture of the yeast exocyst complex and examined mechanisms for its assembly and function. We purified endogenous, intact exocyst complexes from S. cerevisiae (Fig. 1) , and our biochemical and structural characterization demonstrated an intrinsically stable, intact octameric complex (Figs. 2 and 6 ). Our results with the AID system indicated that the presence of most of the exocyst subunits is critical to complex integrity and stability (Fig. 4) . Degradation of six out of the seven AID-tagged subunits tested, except Sec3, triggered complete separation of the exocyst into two modules (Fig. 4) . Each of these modules (3-5-6-8 and 10-15-70-84) is assembled by several critical pairwise interactions (3-5, 6-8 and 10-15) with weaker contributions from 5-6, 70-84, 84-10 and 8-10 or 8-15 (Figs. 2 and 4) ; furthermore, the disassembly of one module does not affect the integrity of the other. Consistently with this, our negativestain EM 2D class averages demonstrated a stable, homogenous, octameric complex (Fig. 6) . The assembly and stability of the exocyst structure is independent of the known binding partners Sec4, Snc1/2, Myo2, Sec1 and Cdc42 (Fig. 5) . These components are not stable, stoichiometric partners of the exocyst complex, nor is their binding necessary to assemble or stabilize the exocyst complex during vesicle transport, tethering or fusion. We propose that the role of these interactions is to modulate the function, rather than the assembly, of the exocyst complex.
Our results do not support previous hypotheses that have suggested a requirement for polarized vesicle transport in driving the assembly of a subcomplex of exocyst subunits (for example, Sec15-Sec10-Sec6-Sec8-Exo84) on vesicles with a subgroup (Sec3 and Exo70) serving as a 'landmark' on the plasma membrane; assembly of these two subgroups would subsequently drive vesicle tethering 28 . Under physiological conditions, we did not detect any stable subcomplexes in our pulldowns. It is possible that we detected only stoichiometric complexes because uncomplexed subunits or unstable subcomplexes are degraded during the purification; however, our biochemical and AID experiments do not support this possibility, because we could easily purify individual subunits and subcomplexes from yeast lysate with a yield equal to that of assembled complexes (Figs. 2 and 4) . Furthermore, under conditions in which we disrupted vesicle transport, cell polarity and exocyst binding to vesicles, no subcomplexes were detectable (Fig. 5) . We cannot rule out the presence of either low levels of subcomplexes or free pools of exocyst subunits below our limit of detection (<5-10%), however, the majority of the exocyst exists in the fully assembled state. In contrast, subcomplexes appear to be present in mammalian cells: the components identified thus npg a r t i c l e s far (Exo84-Sec10 and Sec5-Sec6 in opposing groups) are consistent with the modules identified here 55, 56 . Similarly, differences in subunit localization patterns in the growing hyphae of Neurospora crassa, in A. thaliana and in different Drosophila melanogaster tissues suggest putative subgroups of exocyst subunits 14, 57, 58 . Regulated assembly and disassembly of the exocyst in different organisms may be an important mechanism by which the exocyst complex participates in a diverse array of processes in a variety of cell types.
Negative-stain EM revealed the first evidence, to our knowledge, of the ellipsoid-shaped structure of the yeast exocyst complex, with its distinct helical bundle-shaped legs packed together (Fig. 6) . Overall, the yeast exocyst structure is roughly similar to those of the mammalian exocyst complexes previously imaged with rotary shadowing EM 32 . However, unlike the individual Y-shaped structures observed with glutaraldehyde-fixed mammalian exocyst particles, our yeast 2D averages do not appear to have the same short 'arms' . The arms may be too flexible or heterogeneous to be observed in our 2D averages or may represent mammalian-specific domains (for example, Ral-binding domains in Sec5 and Exo84); alternatively, perhaps the mammalian exocyst was partially disassembled during processing. Future efforts will require the use of higher-resolution data and other strategies to uniquely identify each exocyst subunit within the structure.
Members of the CATCHR family of MTCs, including the exocyst, COG, GARP and Dsl1, share functional similarity as well as structural similarity at the individual subunit level. Thus, they might be expected to assemble into comparable quaternary structures, although they contain different numbers of subunits 3 . Similarly to the exocyst modules identified here, COG consists of two structurally and functionally distinct subassemblies with four subunits each 59 . However, in terms of their overall shapes, as determined by negative-stain EM, the exocyst differs markedly from that of both COG and Dsl1. The COG and Dsl1 structures consist of ~3-nm-wide legs emanating from a central flexible 'joint' 59, 60 , whereas the exocyst's legs fold alongside each other to form a compact ellipsoid structure. It is possible that the COG and Dsl1 complexes might adopt more compact structures with all their subunits present or that they might represent a different, biologically relevant conformation that is not captured in the exocyst EM particles. It will be interesting to determine whether there is a conserved distance for vesicle capture by MTCs at the target membrane and whether all MTCs undergo conformational changes to bring vesicles into closer proximity for SNARE assembly and vesicle fusion, as has previously been suggested for the Dsl1 complex 60 .
We propose that, in contrast with models proposing that assembly of subcomplexes is required for exocyst function, the yeast exocyst complex functions as a stably assembled octamer in the cell. The subunits pack together into an elongated structure. This structure could be a single conformation that functions through changing interactions with various partner proteins. Alternatively, the exocyst may undergo conformational changes in response to binding its protein or membrane partners. Defining the subunit positions and binding of partners at higher resolution is necessary for elucidating the mechanisms of vesicle tethering and SNARE-complex regulation at the plasma membrane. This knowledge is also critical in determining whether the MTCs function by similar mechanisms and how they are uniquely suited to specific trafficking pathways and cell types. Importantly, the ability to purify stable yeast exocyst complexes will now enable functional studies to obtain a detailed molecular understanding of the exocyst's role in vesicle tethering and SNAREcomplex regulation.
METHODS
Methods and any associated references are available in the online version of the paper. 
